In plant cells,
Introduction
Over the past decade, our understanding of how the membrane transport between the endoplasmic reticulum (ER) and the Golgi apparatus (GA) is organized has made remarkable progress. Owing to the efforts of many researchers and laboratories worldwide, several efficient methodologies have been developed to investigate the secretory pathway in yeast and mammalian cells. These include the isolation of yeast Sec mutants, reconstituKey words: green fluorescent protein, mutagenesis, Sar I, Abbreviations used: COP, coatomer protein: ER endoplasmic reticulum: GA, Golgi apparatus: GFP, green fluorescent protein:
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tion assays in vitro and transport assays with temperature-sensitive vesicular-stomatitis-virus membrane glycoprotein. Multiple genes, cDNAs purified proteins and antibodies have become available to probe secretory pathways [l] .
Because the above methodologies have arisen from and are suitable for the studies of yeast or mammalian systems, their application to plant cells is limited. A collection of plant secretory mutants, which would be extremely useful, has yet to be created. Plant proteins involved in the organization of secretion have not been purified, and relatively inefficient subcellular fractionation techniques hamper the development of assays in vitro for the secretory pathway 
Plant ER and GA visualization with green fluorescent protein (GFP)
In the late 1990s, ER and GA were visualized in the living plant cells by the use of GFP chimaeras, expressed in potato virus X [6, 7] . Thus a system was established where the ER-to-GA route could be revealed with GFP constructs residing in the ER (GFP-KDEL, a C-terminal signal peptide for the retention of proteins in the lumen of the ER), in both the ER and GA (aERD2, HDEL/KDEL receptor homologue), or in the GA [(mammalian sialyltransferase transmembrane domain)-GFP], or a construct secreted through the whole pathway into the apoplast [(sporamin signal peptide)-GFP]. Similar GFP fusions [plus (mammalian galactosyltransferase transmembrane domain)-GFP] inserted in plant binary vectors are being used in our present work (the details of these plasmids will be described elsewhere). In such a system the blockage of vesicle budding from either ER or GA is expected to result in an increased accumulation of fluorescence in the respective compartment; this would permit the testing of the roles of various uncharacterized proteins in different membrane trafficking routes. Indeed, if a candidate protein functions in a particular pathway, the anti-sense inhibition of its synthesis or the introduction of its dominant mutants (where those can be designed) would have as a consequence the accumulation of the GFP fluorescence in the compartment from which the exit is blocked.
Plant homologues of the proteins involved in ER-to-GA transport
A considerable body of data accumulated in sequence databases has been used to search for potential plant homologues of the characterized yeast and mammalian proteins [8, 9] , including the components of the coats of COP1 and COPII vesicles, the carriers participating in the transport between ER and GA ( Figure 1 ) (reviewed in [l,lO] ). In conjunction with the above approach with GFP, this information can be used to test whether these putative homologues exert similar functions in plant cells. Once their involvement in plant secretion has been established, the plant homologues can be used to search for the proteins interacting with them, which might result in the identification of their plant-specific functional partners. Although many potential plant homologues of the proteins involved in ERto-GA transport have been detected by sequence database searches, in many cases the extent of sequence similarity is not sufficient to postulate their analogous functions, and in each individual case their roles should be tested experimentally.
Sar I as a model protein for investigating the transport between ER and GA Several small GTPases that belong to different subfamilies, such as Rabs, ARFs and Sars, are involved in the membrane transport between ER and GA (see Figure 2 ). In the case of Sarl, the extent of its conservation between mammals, fungi and plants is probably sufficient to postulate that it has a similar function in these kingdoms. Thus Sarl can serve as a convenient tool to establish a system in which to test whether specific candidate proteins are involved in ER-to-GA transport and, subsequently, to elucidate the pathways that link these two organelles.
Sar I function
Sarl was originally identified in yeast as a multicopy suppressor of the Secl2-1 mutation, which blocks ER-to-GA vesicle transport at a restrictive temperature [ll] . Unlike most small G-proteins, such as ARFs and Rabs, Sarl has no lipid modifications. At the ER membrane it interacts directly with Secl2, which catalyses the exchange of GDP for G T P on Sarl [12] ( Figure 1C ). Activated Sarl * GTP is required to recruit from the cytoplasm the components that form the COPII coat structure, which is necessary for vesicle budding from the ER (see Figure 1C ). Sec23, a component of COPII vesicle, stimulates Sarl GTPase activity; GTP hydrolysis is required for the COPII coat disassembly before vesicle fusion with the target membrane. Therefore blockage of nucleotide exchange on Sarl would be predicted to inhibit vesicle budding from the ER, whereas blockage of its GTPase activity would prevent vesicle fusion [ 131.
Construction of plant Sarl mutants with the above characteristics is feasible because extensive structural and mutational analyses of small GTPases have defined specific motifs and essential amino acid residues within these motifs that are involved in nucleotide binding and G T P hydrolysis [1417] . These motifs are conserved in all small G-proteins ; mutations therein permit one to obtain predictably altered G T P and/or GDP binding or catalytic activity even for uncharacterized members of this class.
Plant Sar I
Plant Sarl s are known from several species [18] [19] [20] [21] [22] (Figure 2A ). Arabidopsis thaliana possesses at least three Sarl isoforms; two isoforms and two more fragments [23] possibly encoding additional isoforms have been detected in Nicotiana tabacum.
One of the N. tabacum isoforms, SarlB, described in BY2 suspension culture cells (accession P52885), is unusually divergent in its C-terminal half (see Figure 2A) , showing alterations even in the conserved nucleotide-binding motifs. However, using specific primers corresponding to the 5' and 3' termini of the SarlB open reading frame, we were unable to amplify corresponding fragment by reverse-transcriptase-mediated PCR on mRNA from tobacco leaves. Instead we found a novel isoform, termed ' Sarl BTNt ' (Figures 2A and 2C) (EMBL accession no. AF210431), which shows a 'canonical ' amino acid sequence identical with that of SarlBNt in the N-terminal half and extreme C-terminus. This isoform was used in our work described below.
Sarl mutants
We generated three mutations within three of the four conserved motifs involved in guanine nucleotide interactions ( Figure 2C ). T h e first mutant, Sarl(T34N), carries a substitution in the conserved GXXXXGKS/T region. This residue is involved in the co-ordination of a Mg2+ ion, which is also co-ordinated to oxygen atoms of the p-and y-phosphates of GTP [24] . An analogous mutation in Rabl results in a protein restricted to the inactive (GDP-bound) conformation, which is a potent inhibitor of both ER-to-GA and intra-GA transport both in vivo and in vitro [25-271. The second mutation, Sarl (H74L), abolishes the His residue that presumably co-ordinates the water molecule participating in G T P hydrolysis, and is therefore expected to block the GTPase activity of Sarl and to lead to its stabilization in the GTP-bound activated form. Although the residue in this position is not essential for G T P hydrolysis in all GTPases [14, 28] , it seems to be essential for Sarl [17, 29] , including N. tabacum
SarlA [22] (see below).
T h e third mutation, N1291, is in the N K X D motif, which is essential for stabilization of the nucleotide-binding pocket and should result in the loss of the ability of the mutant protein to bind either G T P or G D P [14] .
It has previously been shown that N. tabacum Sar 1 (Sar 1 ANt in Figure 2 ) and A. thaliana Sarl B (Figure 2 ) are able to complement the lethality of Sarl disruption in yeast cells (although the ER-to-GA transport remained slower than in the wildtype cells) and also to suppress yeast secl2 and secl6 temperature-sensitive mutations as yeast Sarl does [22] . [17, 30, 31] . T h e lower efficiency of the N129I mutant contradicts the lethality of the corresponding mutant of A. thaliana Sarl for yeast cells observed by Takeuchi et al. [22] (whether or not it blocked ER-to-GA transport was not reported in this work). However, results similar to ours (in a much lower potency of the mutation corresponding to N129I in comparison with that corresponding to T34N) were obtained for mammalian SarlA transiently expressed in HeLa cells [17] . This was suggested to be due to instability or misfolding of the mutant protein. Although a similar explanation might account for our results with Sarl (N1291), we have been able to refold, from inclusion bodies, wild-type Sarl BTNt and all three mutants expressed in Escherichia coli without any significant difference in the yield of the soluble proteins.
COPll vesicles in plant cells
Although the principles of ER-to-GA transport organization in plant cells are supposed to be similar to those in yeast and mammalian systems, evidence in support of such an assertion is largely circumstantial. Moreover, there is a substantial Figure 3 
Confocal micrographs showing the expression of (sporamin signal peptide)-GFP (A, B) and (sialyltransferase transmembrane domain)-GFP (C, D) in Nicotiano clevelandii leaf epidermal cells
In addition to the GFP marken, leaves in (B) and (D) also express Sarl (l34N) mutant.
body of evidence that emphasizes the differences, such as the apparent absence of the intermediate compartment in plants ( Figures 1A and 1B ) (see discussion in [32] ), large numbers of G A stacks moving along the ER and the differences in the organization of the cytoskeleton involved in interrelationships between the ER and GA [33] . Although the existence of both anterograde and retrograde ER-to-GA transport in plant cells is generally accepted, no direct evidence about the carriers involved is available. As to the COPII vesicles mediating anterograde ER-to-GA transport in yeasts and mammals, they have not been unambiguously identified in plants [2, 3] . However, the existence of Sarl and other plant homologues of the proteins necessary for their function [8, 9, 18] , as well as microscopical (see references in [34] ) and recent biochemical [2] evidence do suggest their existence and a similar role in plants. In this respect, the ability of Sarl mutants to block ER-to-GA transport in vivo in plant cells described above is good evidence in support of COPII function in this pathway.
COPll vesicles or 'COPII tubules'?
Oka and Nakano [13] have demonstrated that the 'intermediate vesicles of the ER to GA transport' are formed independently of whether Sarl . G T P or Sarl . guanosine 5'-[y-thioltriphosphate is present, i.e. whether or not GTP hydrolysis can occur. Therefore the effects of Sarl mutants locked in a form bound to G D P or GTP on the dynamics of GFP fluorescence should be distinct : whereas Sarl(T34N) should prevent vesicle budding and therefore lead to G F P accumulation in the ER, Sarl (H74L) should allow budding and separation of vesicles from the ER (until COPII coat components are exhausted), but not their fusion with the GA, resulting in the 'leakage' of G F P fluorescence into the cytoplasm. However, this is true only if the ER-to-GA transport is mediated by COP1 I vesicles and not by COPII-coated tubules.
If such tubules and not vesicles are involved, both GDP-and GTP-locked mutations would lead to an apparent accumulation of GFP fluorescence in the ER, because ' COPII tubules' would presumably be indistinguishable from the ER. We are now performing experiments to compare the effects of Sarl (T34N) and Sar (H74L) in plant cells.
Anterograde versus retrograde transport ER-to-GA (anterograde) transport is normally balanced by retrograde transport (GA-to-ER). Such retrograde transport can be specifically accelerated by the fungal antibiotic brefeldin A, which in many cases results in the redistribution of G A membranes into the ER [35, 36] . T h e introduction of Sarl mutants seems to be a universal way of specifically blocking the anterograde transport. One might therefore expect that the blockage of anterograde transport would result in a dominance of retrograde transport and to a phenotypic effect similar to that of brefeldin A. However, we do not observe the complete deconstruction of the GA stacks on blockage of anterograde transport (and the appearance of fluorescent ER) by the expression of Sarl mutants in cells with GFPtagged GA ( Figure 3D ). This can be explained by retrograde transport being down-regulated in order to maintain a balance of membrane exchange. Alternatively, if the contribution of membrane recycling at the trans-GA (i.e. exocytotic/ endocytotic balance) is much greater than that of the exchange between ER and GA, this could also explain the preservation of the morphological integrity of the GA even if the link with the ER is lost. It would be interesting to compare directly the rate of retrograde transport in the presence and the absence of anterograde transport in the plant cell. A photobleaching recovery approach has been used successfully for this purpose in animal cells ~311.
Is G A movement coupled to the exit of product from the ER?
A specific feature of the plant GA is the rapid actin-dependent movement of the GA stacks along the ER tubules [6, 33, 37] . From time to time the stacks stop and then resume moving along the ER. It is not known whether the GA stacks receive the products from the ER while they are moving, as hypothesized by Boevink and colleagues [6] , or whether the active ER export sites produce a localized signal that leads to the uncoupling of nearby GA stacks from the actin tracks and to their pausing in the vicinity of the activated ER export site, as suggested by Nebenfuhr et al. [37] . Further information about the details of this process could be obtained by studying GA movement in the cells in which the exit sites from the ER are blocked by expression of Sarl mutants.
Osmotic regulation and ER-to-GA transport
T h e first report has been recently published linking an external stimulus with the regulation of the membrane transport between ER and GA. In mammalian cells, osmotically induced cell volume changes have been found to rapidly inhibit the ER-to-GA transport [38] . In the presence of the active retrograde transport, this resulted in the collapse of GA into the ER. This was apparently the cell's reaction to the changing conditions, as sustained incubation in the hypo-osmotic or hyper-osmotic conditions led to GA recovery. This agrees well with the general feature of intracellular signalling : the system reacts to the appearance or disappearance of the stimulus, but if the intensity of the stimulus remains unchanged, the response is desensitized. Although the mechanisms which link osmotic shock with the blockage of the ER-to-GA transport remain completely obscure, the recovery of GA was found to require the activity of protein kinase C, which is known to mediate cell volume recovery [38] . Because the transfection method used in our work is leaf infiltration with the bacterial suspension, this might lead to osmotic disturbance, itself producing changes in the endomembrane trafficking. Although this does not present a problem for our experiments with Sarl mutants because the appropriate controls are available, leaf infiltration can be a convenient way of investigating the effects of osmotic stress on ER-to-GA transport in intact plants.
Concluding remarks
The approach in which ER and/or GA are tagged with G F P in living plant cells and the proteins proposed to function in membrane transport between these two organelles are tested for their effects in this system seems to be feasible. Several lines of work are worth pursuing. ARF, the analogue of Sarl in the COP1 vesicles, is also a promising target for mutagenesis and subsequent use in vivo. Analogous Rabl mutants [39] might shed more light on COP11 vesicle fusion with GA membranes [13] . The roles of the putative proteins involved in coat formation, such as Secl3, and other proteins identified by our sequence database search [8] , can be tested. Another challenge would be to explore the link between signal transduction and transport between ER and GA [33, 40] .
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